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of the samples was confirmed, as shown as an example for the ZnO-Cys sample, via XRD analysis by using an internal alumina standard both before ( Figure S3 ) and after heating ( Figure S4 ). indicates that the L enantiomer is the dominant one in the DL-tyrosine we have used, i.e., our DLtyrosine is not a racemic mixture. On the semiconductor side, the CD spectrum of ZnO-Ref is
essentially featureless, since there is no chiral molecule to interact with the semiconductor. This is in stark contrast to the CD spectra of ZnO-Tyr and ZnO-Cys. Both samples display strong CD peaks centered at 217 and 215 nm, respectively, ascribed to the intracrystalline amino acids. The polarity of these peaks changes from positive for the pure amino acids to negative in the ZnOamino acid samples. This polarity inversion can be explained on the basis of the strong sensitivity of CD signals to factors such as the atomic configuration and the surrounding environment. 32 The incorporation and strong interaction of Cys and Tyr with the crystal lattice of the semiconductor is further supported by the chiral ZnO excitons (< 400 nm) and chiral amino acid-induced, defect-related absorption (> 400 nm) that both ZnO-amino acid samples display. The chiral excitons occur as a result of the chirality transfer from the amino acids (tyrosine and cysteine) to the inter-band transitions of the ZnO matrix. Chirality transfer has been reported extensively for II-VI quantum dots stabilized by chiral ligands, 33 including amino acids (for which the intensity of the CD signals is similar to the intensity of the CD signals featured by our ZnO-amino acid cocrystals), 34 but, to the best of our knowledge, this is the first time that this transfer is reported for a semiconductor containing a chiral biomolecule incorporated within its crystal lattice. The strong CD peaks at wavelengths just below the band edge can be attributed to the defects. Defects are most likely located at the interface between the ZnO and the amino acids and, therefore, it is expected that these defect states should be strongly affected by the chirality of the amino acids, thus giving rise to strong CD signals at the wavelengths of defects. On the other hand, the CD peaks at 360-370 nm are likely due to the interband transitions in ZnO. These electronic states are spatially located further from the amino acids and, therefore, it is expected that their CD signals will be weaker. The observed mechanism of chiral transfer from amino acids to the inter-band excitations including the excitons (Figure 2b ) is a non-trivial process (see additional CD spectra in Figure S5 , Supporting Information) and can be due to the motion of electrons and holes within the semiconductor in the presence of the quantum chiral barriers created by the biomolecules, as will be discussed further below. Importantly, despite a variety of physical mechanisms found in bio-conjugated nanocrystal systems, [35] [36] [37] this quantum mechanism has not been described so far.
In our previous work 26 a thermal treatment was carried to elucidate the effect of amino acid decomposition on the lattice parameters of the ZnO-amino acid co-crystals. It was demonstrated that the lattice strain of most co-crystals relaxed upon mild thermal annealing in air (300 °C, 90 min). Therefore, in order to complete our chirality study and, therefore, gain further insights into the role of the amino acids on the co-crystals' CD signatures, we tracked their CD signal evolution upon amino acid decomposition at 50°C, 100°C, 150°C, 200°C, 250°C, and 450°C for 90 min.
The crystallinity and morphology of all samples remained unchanged in all cases (see Figure S3 , Figure S4 , Figure S7 ), while the lattice distortions of the co-crystals are known to relax upon thermal decomposition of the amino acids. On the basis of the results presented so far, it may appear at first sight reasonable to ascribe the larger band edge emission energy of the co-crystals to the lattice distortions resulting from the amino acid-induced tensile strain. 26 Also the fact that the room temperature band edge emission of ZnO-Tyr red-shifts back to that of ZnO-Ref upon heating at 250°C, but that the band edge emission of ZnO-Cys does not (Figure 3a, inset), appears to correlate quite well with the almost full lattice strain relaxation reported for ZnO-Tyr, but not for ZnO-Cys, under similar thermal treatment conditions. 26 However, a careful examination of our data reveals that the assignment of those band edge emission changes to the amino acid-induced lattice distortions is not that straightforward.
Previous work by Wei et al. demonstrated that ZnO nanowires with an average diameter of 760 nm (commensurate with the dimensions of our microcrystals) undergo a 59 meV near-band-edge emission red-shift under a tensile strain of 1.7%. 4 They showed a similar behavior for thinner nanowires, reporting up to a 110 meV red-shift for 100 nm thick nanowires under a 7.3% tensile strength. In our case, and regardless of the amino acid incorporated, the band edge emission systematically blue-shifts; and this occurs in spite of the tensile lattice strain induced by the intracrystalline amino acids. This is in stark contrast to the red-shifts reported by Wei et al. Table   S1 , Supporting Information) 30 conventional quantum size effects cannot be the reason for the higher band edge emission energy of the ZnO-amino acid co-crystals.
Our high-resolution XRD data indicate that the ZnO-amino acid co-crystals can be envisioned as a conventional three-dimensional (3D) ZnO crystal lattice subjected to an anisotropic tensile lattice strain along the a and c axes. Furthermore, from XRD and WDS analysis we know that the amino acids are indeed incorporated into the ZnO crystal lattice and, in turn, they are responsible for the induced strains. Hence, in this scenario the ZnO-amino acid co-crystals could be visualized as a ZnO-amino acid superlattice whose strain and periodicity (aAA) are determined by the entrapped amino acids (see Figure 4a and Figure 4b ). In this organic-inorganic 3D superlattice the amino acids may serve as 3D potential barriers (obstacles) that can indeed change the energy of electrons and holes, as schematically depicted for the ZnO-Cys sample in Figure 4c . In order to support our hypothesis for the origin of the band edge emission blue shifts in our ZnO-amino acid co-crystals, we propose here a simple quantum 3D model, which nevertheless should give reasonable estimates for the blue shifts of the excitons. For simplicity we assumed that the amino acids are spheres providing increased potentials (1.5 eV) for electrons and holes (see Figure 4c , for the ZnO-Cys sample) and we arranged such barriers in a periodic 3D array, as sketched in Figure 4d . We are aware that this latter assumption is a simplification for modeling purposes. In reality, the amino acids may not be perfectly periodically distributed within the ZnO matrix. Instead, they may likely feature a statistical, quasi-periodic, distribution. Even though a technique such as SAXS could provide information about the actual amino acid distribution, this type of characterization is not feasible with our samples due to the very low content of amino acids within the co-crystals (~1%) and their also very low density contrast.
ii Alternatively, we have performed ellipsometry
ii Additional note: if we had areas of agglomerated amino acids rather than a distribution of those amino acid crystals within the ZnO lattice, we would expect a splitting of the diffraction peaks in the co-crystals, that is, we would have diffraction peaks from areas where the amino acids are distributed in the lattice (strained) and from areas lacking the amino acids. However, our XRD data show that the entire lattice is strained. Also, in an earlier work Kim et showed that calcite can be co-crystallized with diblock co-polymer micelles. Those co-crystals feature a much higher incorporation of the organic component than our ZnO-amino acid co-crystals, but analogous XRD peak shifts. Nevertheless, in that case it was proven by NMR that there is no agglomeration of the biomacromolecules, which further supports that our amino acids are statistically distributed within the ZnO lattice.
and in the quantum modeling section in the Supporting Information. The most important results from our quantum model are that the spectra of carriers (electrons and holes) in the ZnO-amino acid co-crystals form new sub-bands in the conduction and valence bands (see Figure S11) and that, as a consequence of the energy shifts of those sub-bands, the inter-band gap in the ZnO-amino acid co-crystals exhibits a blue shift with respect to the ZnO-Ref. This is illustrated in Figure 4c for the ZnO-Cys sample. The lowest energy of the new sub-band for the electrons in ZnO-Cys is shifted 77 meV upwards (higher energy) with respect to the reference ZnO; while for the holes the shift amounts to 70 meV downwards (lower energy). These shifts result in an overall increase in emission energy of Eg=147.0±1.7 meV for ZnO-Cys, while for the ZnO-Tyr sample our model predicts an energy increase of Eg=21.0±0.6 meV. In both cases, and considering the simplicity of the model, which, for instance, does not take into account neither the possibility of amino acid clustering within the ZnO lattice nor the presence of the Zn5(OH)8(NO3)2 impurity (< 5% wt.) in the ZnO-Cys sample, iv the calculated inter-band energies are in good agreement with the experimentally-observed blue shifts, which are 140 meV and 20 meV for ZnO-Cys and ZnO-Tyr, respectively.
iv If the possibility of amino acid clustering in both ZnO-Tyr and ZnO-Cys were taken into account in our model, as well as the amount of Zn5(OH)8(NO3)2 impurity present in the ZnO-Cys sample, the periodic potential of both co-crystals would feature superlattice periods (aAA) larger than the ones estimated herein (namely, 1.941 nm for ZnO-Tyr and 0.934 nm for ZnO-Cys). Therefore, the band edge emission energies predicted would be smaller than the ones estimated with the current model (21 meV for ZnO-Tyr and 147 meV for ZnO-Cys). Our modeling results support the experimental thermal annealing results discussed above, namely, that there is a clear correlation between the extent of amino acid decomposition and the extent of band edge emission blue shift in the co-crystals. According to our quantum model, the gradual decomposition of the amino acids leads to a gradually increasing amino acid-to-amino acid spacing in the co-crystals and, thereby, to an increased superlattice period (aAA) that, ultimately, leads to a decreased band edge emission energy (see curves in Figure 5 and Figure S12 ), in agreement with our experimental results ( Figure 3) . Furthermore, our modeling results also explain why the band edge emission energy of the ZnO-Cys sample (3.40 eV) is larger than the band edge emission energy of the ZnO-Tyr one (3.28 eV). At first sight one could ascribe this to the minor impurity phase (Zn5(OH)8(NO3)2, < 5% wt.) present in the ZnO-Cys sample, but not in the ZnO-Tyr one.
The amount of this impurity phase does not change even after air annealing at 300°C for 2 hours ( Figure S4 ). However, we have shown that the band edge emission energy of ZnO-Cys does decrease under those annealing conditions. Therefore, our results rule out any influence of this impurity phase on the higher band edge emission of ZnO-Cys with respect to ZnO-Tyr. On the other hand, one could also hypothesize that morphological differences between the ZnO-Cys and the ZnO-Tyr co-crystals could play a role in the higher band edge emission of the former. Here, the results depicted in Figure S7 Given for reference, the table contains the calculated values (energy of electrons and holes and total inter-band energy) of ZnO-Cys for specific superlattice periods.
In this work we have demonstrated that the light-matter interactions in ZnO-amino acid co-crystals are dramatically affected by the presence of the co-crystallized biomolecules. We have disentangled the role played by the amino acids on the band gap modulation of the semiconductor.
On the basis of the good qualitative agreement between the experimental and calculated increases in band edge emission energy we propose that the amino acids may serve as quasi-super-periodic 3D potential barriers for electrons and holes in ZnO. In this scenario, the carrier wave functions in ZnO form new sub-bands that result in an energy increase between the lower energy states of the conduction and valence bands and, hence, in a quantum PL blue shift. This result, together with the proven chirality transfer from the intracrystalline amino acids to the inter-band excitations of ZnO, reveal that biomolecule co-crystallization can be harvested as a novel and truly biomimetic approach to prompt chiral quantum confinement effects in semiconductors. Hence, bio-inspired biomolecule-semiconductor co-crystals could serve as photonic materials for chiral quantum optics.
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